Kwon TH. Emerging role of Akt substrate protein AS160 in the regulation of AQP2 translocation. Am J Physiol Renal Physiol 301: F151-F161, 2011. First published April 20, 2011 doi:10.1152/ajprenal.00519.2010.-AS160, a novel Akt substrate of 160 kDa, contains a Rab GTPaseactivating protein (GAP) domain. The present study examined the role of Akt and AS160 in aquaporin-2 (AQP2) trafficking. The main strategy was to examine the changes in AQP2 translocation in response to small interfering RNA (siRNA)-mediated AS160 knockdown in mouse cortical collecting duct cells (M-1 cells and mpkCCDc14 cells). Short-term dDAVP treatment in M-1 cells stimulated phosphorylation of Akt (S473) and AS160, which was also seen in mpkCCDc14 cells. Conversely, the phosphoinositide 3-kinase (PI3K) inhibitor LY 294002 diminished phosphorylation of Akt (S473) and AS160. Moreover, siRNA-mediated Akt1 knockdown was associated with unchanged total AS160 but decreased phospho-AS160 expression, indicating that phosphorylation of AS160 is dependent on PI3K/Akt pathways. siRNA-mediated AS160 knockdown significantly decreased total AS160 and phospho-AS160 expression. Immunocytochemistry revealed that AS160 knockdown in mpkCCDc14 cells was associated with increased AQP2 density in the plasma membrane [135 Ϯ 3% of control mpkCCDc14 cells (n ϭ 65), P Ͻ 0.05, n ϭ 64] despite the absence of dDAVP stimulation. Moreover, cell surface biotinylation assays of mpkCCDc14 cells with AS160 knockdown exhibited significantly higher AQP2 expression [150 Ϯ 15% of control mpkCCDc14 cells (n ϭ 3), P Ͻ 0.05, n ϭ 3]. Taken together, PI3K/Akt pathways mediate the dDAVP-induced AS160 phosphorylation, and AS160 knockdown is associated with higher AQP2 expression in the plasma membrane. Since AS160 contains a GAP domain leading to a decrease in the active GTP-bound form of AS160 target Rab proteins for vesicle trafficking, decreased expression of AS160 is likely to play a role in the translocation of AQP2 to the plasma membrane.
DURING SIGNALING EVENTS IN response to certain hormonal stimulation, phosphorylation of phosphatidylinositol at the D-3 position of the inositol ring occurs (15) . Phosphoinositide 3-kinase (PI3K) converts the plasma membrane lipid phosphatidylinositol-4,5-bisphosphate [PI(4,5)P 2 ] to phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P 3 ]. Signaling proteins having pleckstrin-homology (PH) domains {[e.g., the protein serinethreonine kinases Akt (PKB and 3-phosphoinositide-dependent protein kinase-1; PDK1)]} are known to be accumulated at the sites of PI3K activation (8) . In turn, phosphorylation of Akt stimulates the catalytic activity of Akt, resulting in the phosphorylation of downstream proteins that affect a number of cellular events (29) .
There is evidence that PI3K/Akt pathways are activated in response to arginine vasopressin (AVP) stimulation and are importantly involved in the regulation of aquaporin-2 (AQP2) abundance. For instance, 1) AVP stimulates transepithelial sodium transport in A6 cells, which is completely blocked by inhibition of PI3K (10, 12) ; 2) PI3K-dependent signaling plays a role in the insulin-induced upregulation of AQP2 expression (7); and 3) dDAVP stimulates Akt phosphorylation in the inner medullary collecting duct (IMCD) suspensions of rat kidney, which is dependent on PI3K (46) . In contrast, the physiological role of AVP-stimulated PI3K/Akt pathways in the regulation of AQP2 trafficking has not been identified. For instance, it is a rather puzzling finding that Akt is highly phosphorylated in IMCD suspensions from rats with lithium-induced nephrogenic diabetes insipidus (39) , where AQP2 trafficking in the kidney is significantly impaired (25, 34, 40) .
On the contrary, it is well known that insulin-stimulated PI3K/ Akt pathways play a critical role in the regulation of glucose transporter-4 (GLUT4) trafficking in adipocytes. In insulin signaling, PI3K activation and generation of [PI(3,4,5)P 3 ] are known to activate Akt and PKC, leading to the translocation of GLUT4 (2, 59) . Among the downstream signaling pathways of Akt, AS160 (Akt substrate of 160 kDa, originally named TBC1D4) is a novel substrate for insulin-activated Akt in adipocytes (22) , which has a Rab GTPase-activating protein (GAP) domain (13, 49) . It has been proposed that Akt-induced phosphorylation of AS160 inhibits its GAP activity (22, 49) , leading to an increase in the active GTP-bound form of the AS160 target Rab proteins for vesicle trafficking (35) . Since insulin-induced translocation of GLUT4 needs a Rab in its active GTP form, insulinstimulated phosphorylation of AS160 is required for GLUT4 translocation (49) . Consistent with this, AS160 knockdown in adipocytes increases GLUT4 trafficking under basal conditions, as would be expected by loss of a negative regulator for GLUT4 trafficking (13, 28) . Thus Rab GTPase activity of AS160 could be an important regulator of vesicle trafficking. However, the role of AS160 in AQP2 trafficking to the plasma membrane in kidney collecting duct cells has not been documented.
The present study aimed to examine the physiological role of AS160 in AQP2 trafficking in kidney collecting duct cells. The main strategy was to examine the changes in subcellular translocation of AQP2 in response to AS160 knockdown in mouse cortical collecting duct cells (M-1 cells and mpkCCDc14 cells) by small interfering RNA (siRNA)-mediated gene silencing.
MATERIALS AND METHODS

Mouse kidney cortical collecting duct cell line (M-1 cells and mpkCCDc14 cells).
M-1 cells (catalog no. CRL-2038), a mouse kidney cortical collecting duct cell line, were obtained from the American Type Culture Collection (Manassas, VA) and cultured in a 1:1 mixture of DMEM and Ham's F-12 medium (DMEM/F12) containing 2.5 mM L-glutamine, 0.1% penicillin-streptomycin solution, 15 mM HEPES, 0.5 mM Na-pyruvate, and 1.2 g/l Na-bicarbonate, 0.005 mM dexamethasone, and 5% heat-inactivated FBS at 37°C. mpkCCDc14 cells (4) were cultured in a 1:1 mixture of DMEM and Ham's F-12 medium (DMEM/F12) containing 60 nM sodium selenate, 5 g/ml transferrin, 2 mM L-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 5 g/ml insulin, 20 mM HEPES, 0.1% penicillin-streptomycin solution, 20 mM D-glucose, and 2% heat-inactivated FBS at 37°C. The passage numbers of mpkCCDc14 cells which we used for this study were between 28 and 33.
RT-PCR of arginine vasopressin V2 receptor and Akt isoforms. Pathogen-free male C57BL/6 mice were obtained from Charles River (Orient Bio, Seongnam, Korea). The animal protocols were approved by the Animal Care and Use Committee of Kyungpook National University, and all animal experiments were conducted according to the guidelines of Kyungpook National University. Kidneys were removed from mice under enflurane inhalation anesthesia. Total RNA from mouse kidney cortex, M-1 cells, and mpkCCDc14 cells was extracted using TRI reagent (Molecular Research Center, Cincinnati, OH). One-step RT-PCR was performed using the Access RT-PCR system (Promega, Madison, WI) according to the manufacturer's instructions. For RT-PCR, the following components were added to the reaction vials: 1,000 ng of total RNA, both sense and antisense primers, AMV/Tfl 5ϫreaction buffer, dNTP mix, 25 mM MgSO4, AMV reverse transcriptase, Tfl DNA polymerase, and DEPC-treated water, in a total volume of 50 l. The samples were incubated for 45 min at 45°C; thereafter, RT was terminated by heating at 94°C for 2 min. Then, the samples were subjected to thermal cycling for the second-strand cDNA synthesis and amplification. Amplification was performed for 40 cycles with 30 s/94°C denaturation, 1 min/60°C annealing, and 2 min/68°C extension. An amplification of the mRNA for the housekeeping gene ␤-actin was used as an internal control. The amplified products were electrophoresed on 1.5% agarose gels and then stained with ethidium bromide. The primer sequences were as follows: Akt1 (181-bp), sense 5=-gctgttcgagctgatcctca-3=, antisense 5=-cacgatgttggcaaagaacc-3=; Akt2 (134-bp), sense 5=-tgggcaatcttatctgctgc-3=, antisense 5=-tcccccttgaagatccattc-3=; Akt3 (179-bp), sense 5=-ctgctggctattgtggagga-3=, antisense 5=-agaagggaaaaaggttgcca-3=; arginine vasopressin V2 receptor (Avpr2; 451-bp), sense 5=-ggcttgggatgccaccgacc-3=, antisense 5=-gcgcctccctgccctttcag-3=; and ␤-actin (172-bp), sense 5=-gatgccctgaggctcttttc-3=, antisense 5=-tcagcaatgcctgggtacat-3=.
Semiquantitative immunoblotting of AQP2, Akt, p-Akt (T308 and S473), AS160, and p-AS160 in response to dDAVP treatment. For short-term dDAVP treatment, cells were treated with vehicle or 10
Ϫ8
M dDAVP for 5, 10, and 15 min. After treatment, the cell lysate was obtained in RIPA buffer (10 mM Tris·HCl, 0.15 M NaCl, 1% NP-40, 1% Na-deoxycholate, 0.5% SDS, 0.02% sodium azide, 1 mM EDTA, pH 7.4) containing proteinase and phosphatase inhibitors (0.4 g/ml leupeptin, 0.1 mg/ml pefabloc, 1 mM Na3VO4, 25 mM NaF, and 0.1 M okadaic acid). Immunoblotting was performed as previously described (25, 32, 39, 40) . Primary antibodies used were anti-AQP2 (1:500, H7661AP) (31, 32, 40) (46) . The number of replicates (n ϭ 3) in the figures (see Figs. 2, 3 , 5-7, 9) indicates the number of cell lysate preparations from three independent experiments. For comparison of the changes in phosphoproteins over time, one-way ANOVA followed by Bonferroni's multiple comparisons test was applied. The multiple comparisons test was only applied when a significant difference was determined in the ANOVA, P Ͻ 0.05. P values Ͻ 0.05 were considered significant.
Transient transfection of Akt1-or AS160-directed siRNAs to M-1 cells or mpkCCDc14 cells. Cells were incubated at 37°C under 5% CO 2 for 24 h in culture media containing 5% FBS. For the transient transfection, culture media were replaced by opti-MEM (Invitrogen, Carlsbad, CA). siGENOME SMARTpool mouse Akt1-siRNA, mouse AS160 (TBC1D4)-siRNA, or nontargeting siRNA (Dharmacon, Chicago, IL) was mixed with Lipofectamine RNAi MAX (Invitrogen) in opti-MEM, respectively. Each siRNA-Lipofectamine RNAi MAX complex was added and incubated with cells, respectively, for 48 h in a 37°C incubator. Thereafter, culture media were replaced by DMEM/ F12 without FBS, and the cells were further incubated for 6 h. The nontargeting siRNA-transfected cells were used as the control.
Fluorescence resonance energy transfer imaging. mpkCCDc14 cells were cultured on a collagen-coated 35-mm glass-base dish (Asahi Techno Glass, Tokyo, Japan) and transfected with an Akt fluorescence resonance energy transfer (FRET)-based indicator (Akind) using Lipofectamine transfection reagent (62) . A plasmid for Akt FRET-based indicator (Akind) was kindly provided by Prof. M. Matsuda (Kyoto University, Kyoto, Japan). Akind was composed of the PH domain of Akt (amino acids 1-144), yellow fluorescent protein (YFP), catalytic domain of Akt (amino acids 133-480), and cyan fluorescent protein (CFP), as previously demonstrated in detail (62) . In this probe design, the FRET level is low in the cytosolic inactive state, whereas it increases when the probe is activated and recruited to the plasma membrane, and hence shows the activity of Akt (62) . With this Akind probe, the activity of Akt was time-lapse obtained by a Leica DM IRB inverted microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Cascade 512B (EMCCD) camera (Roper Scientific, Trenton, NJ) and excitation and emission filter wheels (MAC5000, Ludl Electronic Products, Hawthorne, NY). All systems were controlled by MetaMorph software (Universal Imaging, Downingtown, PA). Fluorescent images were acquired sequentially through CFP and FRET filter channels. Images were acquired by using the 2 ϫ 2 or 3 ϫ 3 binning mode and 100-ms exposure time. The FRET/CFP ratio was created with MetaMorph software, and the value was normalized to 1 at the starting time point in both groups. The data were obtained from five independent experiments in both groups, respectively.
Semiquantification of AQP2 immunolabeling density of the plasma membrane in mpkCCDc14 cells. For the semiquantification of AQP2 immunolabeling density, mpkCCDc14 cells were cultured in a semipermeable filter of the Transwell system (0.4-m pore size, Transwell Permeable Supports, catalog no. 3460, Corning). Cells were incubated at 37°C under 5% CO2 for 4 days in culture media containing 2% FBS, then stimulated with dDAVP (10 Ϫ9 M, daily) at both sides of the permeable filter for another 4 days to increase endogenous AQP2 expression and to make epithelial cells fully polarized (23) . Thereafter, cells were transiently transfected with nontargeting siRNA or AS160-directed siRNA for 48 h in the absence of dDAVP stimulation, fixed, and labeled with anti-AQP2 antibody (32, 40) . For semiquan-tification of AQP2 trafficking, microscope settings (light intensity, PMT offset and gain, sampling period, and averaging) were identical between the groups, and the observer was blinded to the treatment. Laser confocal microscopy was carried out (Zeiss LSM 5 EXCITER, Jena, Germany), and an ϫ63 (NA 1.4) objective lens (Zeiss) was used. Digital images were collected and analyzed using the Zeiss Aim Image Examiner program. AQP2-labeled cells were randomly selected in each group and pixel intensity per area (m 2 ) of the whole cell (both plasma membrane and cytosol except nucleus, see Fig. 8B ) and the plasma membrane (see Fig. 8C ) was acquired, respectively. The ratio of pixel intensity per area (m 2 ) in the plasma membrane to that of the whole cell (plasma membrane/total, see Fig. 8F ) from the randomly selected cells in each group was acquired. The ratio is a measure of surface AQP2 normalized for the whole cell AQP2 expression, and the changes of this ratio demonstrate the changes in the surface-to-total AQP2 distribution, as previously demonstrated for the changes of GLUT4 translocation (27) . The total number of cells accessed was 65 from the group of transfection with nontargeting siRNA (control) and 64 from the group of transfection with AS160-directed siRNA. They were randomly selected from three independent repetitions.
Cell surface biotinylation assays. mpkCCDc14 cells were seeded on 60-mm dishes and transiently transfected with nontargeting siRNA or AS160-directed siRNA for 48 h in a 37°C incubator. After transfection, cells were rapidly washed with ice-cold PBS-CM (10 mM PBS, 1 mM CaCl 2, 0.1 mM MgCl2, pH 7.4) and incubated for 30 min at 4°C with 1.5 mg/ml Sulfo-SS-Biotin (Pierce, Rockford, IL) in ice-cold biotinylation buffer (10 mM triethanolamine, 2 mM CaCl2, 125 mM NaCl, pH 7.5) applied to the cell surface. After quenching the biotin with 50 mM NH 4Cl in ice-cold PBS-CM for 15 min, cells were washed twice with ice-cold PBS-CM. The cell lysate was obtained in lysis buffer (10 mM Tris·HCl, 0.15 M NaCl, 1% NP-40, 1% Nadeoxycholate, 0.5% SDS, 0.02% sodium azide, 1 mM EDTA, 0.4 g/ml leupeptin, 0.1 mg/ml pefabloc, 1 mM Na3VO4, 25 mM NaF, and 0.1 M okadaic acid, pH 7.4). A fraction of the supernatant was added to 100-l High Capacity NeutrAvidin Beads (Pierce) and rotated for 18 h at 4°C. The beads were washed three times with lysis buffer, twice with salt buffer (0.1% Triton X-100, 500 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.5), and once with no-salt buffer (10 mM Tris, pH 7.5). Biotinylated protein was extracted in Laemmli sample buffer with 50 mM DTT and denatured for 5 h at RT before immunoblot analysis.
RESULTS
Expression of Akt isoforms and Avpr2 mRNA in mouse kidney cortex, M-1 cells, and mpkCCDc14 cells.
RT-PCR was performed in total RNA from mouse kidney cortex (male C57BL/6 mouse), M-1 cells, and mpkCCDc14 cells to detect mRNA encoding Akt isoforms and Avpr2. RT-PCR produced Akt1 (181-bp), Akt2 (134-bp), and Akt3 (179-bp) products in the mouse kidney cortex (Fig. 1A) , M-1 cells (Fig. 1B) , and mpkCCDc14 cells (Fig. 1C) . RT-PCR also produced Avpr2 (451-bp) products in M-1 cells, mpkCCDc14 cells, and mouse kidney cortex (Fig. 1D) .
Changes in phosphorylation of Akt (S473) and AS160 in mouse cortical collecting duct cells in response to short-term dDAVP treatment. dDAVP treatment for 10 and 15 min induced a sustained increase in phosphorylation of Akt at S473, but not at T308 in M-1 cells (Fig. 2, A and B) . Phosphorylation of AS160 was also activated in response to short-term dDAVP treatment for 5 and 10 min, but not for 15 min [Fig. 2 , C and D; p-AS160 expression is indicated by an arrow in Fig. 2C (ϳ160-kDa band on PAS immunoblot)]. Consistent with this, dDAVP treatment for 10 and 15 min phosphorylated Akt at S473, but not at T308 in mpkCCDc14 cells (Fig. 3, A and B) . In contrast to M-1 cells, dDAVP-induced phosphorylation of AS160 was seen at 15 min in mpkCCDc14 cells, but not at 5 and 10 min (Fig. 3, C and D) .
We also used an Akt FRET-based indicator (Akind) to investigate the spatiotemporal regulation of Akt by dDAVP. With this probe, time-lapse images were taken for studying the changes in Akt activity in living mpkCCDc14 cells in the absence or the presence of stimulation of 10 Ϫ8 M dDAVP (Fig. 4) . Transient accumulation of Akind and an increase in the FRET level were observed in the cells in response to dDAVP stimulation, whereas the FRET level was unchanged in unstimulated cells (Fig. 4, A and B). This suggests that dDAVP induces translocation of Akt to the plasma membrane and phosphorylation.
Treatment with the PI3K inhibitor LY294002 (25 M, 25 min) (20, 46, 51, 57) tions, but not at T308 (Fig. 5, A and B) . Moreover, pretreatment with LY294002 inhibited dDAVP (10 Ϫ8 M, 15 min)-stimulated phosphorylation of Akt (S473), whereas phosphorylation at T308 was unaffected (Fig. 5, A and B) . This indicates that Akt phosphorylation (S473) is dependent on PI3K activation. LY294002 also significantly decreased the expression of phospho-AS160 (indicated as an arrow in Fig. 5C and D) . Moreover, dDAVP stimulation (10 Ϫ8 M, 15 min) did not stimulate AS160 phosphorylation in the cells with LY294002 pretreatment (Fig. 5, C and D) , indicating that phosphorylation of both Akt (S473) and AS160 is regulated in a PI3K-dependent manner.
Decreased phospho-AS160 expression in M-1 cells with Akt1 knockdown. A set of Akt1 knockdown (Akt1 expression: 12 Ϯ 2% of control levels, nontargeting siRNA-transfected M-1 cells) (P Ͻ 0.05) (Fig. 6, A and B) was made to see the effect of Akt on AS160 expression. Since a previous study demonstrated that the effect of Akt on epithelial Na channel (ENaC) activity is not isoform specific (30), we selected Akt1 alone among three Akt isoforms (Akt1, Akt2, and Akt3) for the knockdown experiment on the assumption that the effect of Akt on AS160 may not be isoform specific in the regulation of AQP2 trafficking. The significantly decreased Akt1 protein expression seen in the M-1 cells with Akt1 knockdown was not affected by short-term dDAVP treatment (10 Ϫ8 M, 10 min, 11 Ϯ 2% of control levels, not significant) (Fig. 6, A and B) . Akt1 knockdown was associated with unchanged or marginally increased total AS160 expression [vehicle treatment: 128 Ϯ 7%, P ϭ 0.054 and short-term dDAVP-treatment (10 Ϫ8 M, 10 min): 138 Ϯ 9%, P Ͻ 0.05] (Fig. 6, C and D) . Importantly, the expression of phospho-AS160 was significantly decreased (indicated by an arrow in Fig. 6, C and E) , indicating that phosphorylation of AS160 is largely dependent on Akt1 expression.
Decreased total AS160 and phospho-AS160 in M-1 cells with AS160 knockdown. Transfection of AS160-directed siRNA significantly decreased total AS160 expression in M-1 cells [18 Ϯ 1% of control levels (nontargeting siRNA-transfected M-1 cells)] (P Ͻ 0.05) (Fig. 7, A and B) , which level was not further affected by short-term dDAVP treatment (24 Ϯ 5% of control levels, not significant) (Fig. 7, A and B) . Moreover, AS160 knockdown in M-1 cells decreased phospho-AS160 expression (a band at ϳ160 kDa indicated by a solid arrow in Fig. 7A ) compared with control M-1 cells transfected with nontargeting siRNA (Fig. 7, A and C) . Importantly, a band at ϳ150 kDa (indicated by a dotted arrow in Fig. 7A ) corresponding to TBC1D1 (16) was not decreased in M-1 cells with AS160 (TBC1D4) knockdown, indicating the specificity of AS160 knockdown. 
Increased AQP2 expression of the plasma membrane in mpkCCDc14 cells with AS160 knockdown despite the absence of dDAVP stimulation.
Laser-scanning confocal microscopic examination of AQP2 and semiquantitative analysis of AQP2 immunolabeling density (i.e., changes in the surface-to-total AQP2 distribution) demonstrated that AS160 knockdown was associated with significantly higher AQP2 expression in the plasma membrane (135 Ϯ 3%, P Ͻ 0.05, n ϭ 64) (Fig. 8, E and F) compared with the control mpkCCDc14 cells transfected with nontargeting siRNA (100 Ϯ 2%, n ϭ 65) (Fig. 8,  D and F) despite the absence of dDAVP stimulation.
Consistent with this, cell surface biotinylation assays also demonstrated significantly increased AQP2 expression in the mpkCCDc14 cells with AS160 knockdown (150 Ϯ 15%, P Ͻ 0.05, n ϭ 3) compared with control mpkCCDc14 cells transfected with nontargeting siRNA (n ϭ 3, Fig. 9, A and B) despite the absence of dDAVP stimulation. AS160 knockdown significantly decreased AS160 expression (27 Ϯ 2%, P Ͻ 0.05, n ϭ 3), but total AQP2 expression was unchanged (79 Ϯ 8%, not significant, n ϭ 3) (Fig. 9, C-E) .
DISCUSSION
Transcellular water transport across renal tubule epithelial cells is dependent on the expression of aquaporin water channels (1, 5, 26, 42, 56) . Vasopressin plays a key role in water reabsorption in the connecting tubule and collecting ducts where AQP2 is translocated from intracellular vesicles to the apical plasma membrane, thereby increasing the osmotic water permeability (19, 41, 45, 47, 56, 60) . cAMP and PKA signaling pathways are important in AQP2 trafficking, and a number of other signaling cascades may also induce this sorting (14, 26, 38, 42, 45, 56) . Despite these insights, it remains largely unknown how the PI3K/Akt/AS160 pathways are involved in intracellular AQP2 trafficking. In the present study, we demonstrated that 1) short-term dDAVP stimulation increased phosphorylation of Akt (S473) and AS160, whereas the PI3K inhibitor LY294002 decreased the dDAVP-stimulated phosphorylation of Akt (S473) and AS160; 2) siRNA-mediated gene silencing of Akt1 significantly decreased Akt1 and phospho-AS160 protein expression; 3) AS160 knockdown significantly decreased AS160 and phospho-AS160 expression; 4) confocal laser-scanning microscopy of AQP2 revealed that AS160 knockdown was associated with increased AQP2 expression in the plasma membrane of mpkCCDc14 cells compared with control, despite the absence of dDAVP stimulation; and 5) cell surface biotinylation assays also revealed significantly increased AQP2 expression in mpkCCDc14 cells with AS160 knockdown, despite the absence of dDAVP stimulation. Thus the results suggest that PI3K/Akt pathways could play a role in AQP2 trafficking via AS160 (Fig. 10) , and the findings are compatible with previous studies showing increased GLUT4 or ENaC trafficking in the cells with AS160 knockdown under basal conditions (13, 33) .
The kinase activity of Akt is dependent on phosphorylation at T308 and S473. While T308 phosphorylation of Akt is mainly catalyzed by PDK1, the phosphorylation of S473 is mainly regulated by mammalian target of rapamycin (mTOR) (50) . We demonstrated that short-term dDAVP treatment in both M-1 cells and mpkCCDc14 cells induced Akt phosphorylation at S473. dDAVP-induced Akt activation was also visualized in mpkCCDc14 cells with FRET-based genetically encoded indicators. Moreover, PI3K inhibitor treatment diminished dDAVP-stimulated phosphorylation of Akt (S473). Compatible with this, a previous study demonstrated that dDAVP and cAMP increased Akt phosphorylation at S473 more than T308 in IMCD suspensions of rat kidney (46) . In contrast, hyperosmolality, known to regulate AQP2 in a vasopressin-independent manner (55), induced T308 phosphorylation preferentially to the S473 of Akt in IMCD suspensions (46) . This is different from the effect by vasopressin (S473 more than T308) and suggests that hyperosmolality (e.g., a vasopressinindependent pathway) may regulate AQP2 through different signaling pathways where Akt phosphorylation (mainly at T308) could be involved. This needs to be examined in further studies.
The Akt kinase family is composed of three highly homologous isoforms: Akt1 (PKB␣), Akt2 (PKB␤), and Akt3 (PKB␥) (18) . Recently, analysis of Akt isoformspecific knockout mice demonstrated different physiological roles of Akt isoforms (11) . Insulin-stimulated GLUT4 translocation in adipocytes is primarily impaired in Akt 2 knockout (17), while ENaC activity is not Akt isoform specific (30). Despite the present finding revealing mRNA expression of all the Akt isoforms (Akt1, Akt2, and Akt3) in mouse kidney cortex and mouse cortical collecting duct cells, we only studied the effect of Akt1 on phosphorylation of AS160 based on the previous observation that ENaC activity is not Akt isoform specific. Moreover, M-1 cells with Akt1 knockdown (34% of control level, Supplementary Fig. S1 ; all supplementary material for this article is available online at the journal web site) revealed a significant decrease in total Akt expression (48% of control level, Supplementary Fig. S1 ) as well, suggesting that Akt1 expression dominates in M-1 cells and hence it might be chiefly involved in AQP2 trafficking. However, it should be emphasized that the specificity of Akt isoforms in vasopressin signaling is still unknown, and further studies including differences in kinase activation, subcellular localization, and substrate specificity are needed.
Pisitkun et al. (46) previously examined several Akt substrates by immunoblotting to investigate potential downstream substrates of dDAVP-activated Akt in IMCD suspensions of rat kidney. However, no changes in GSK-3␣/␤, Bad, TSC2, MDM2, and FoxO1 were found. Thus studies are required to identify the downstream target substrate of PI3K/Akt pathways in response to dDAVP, particularly for AQP2 trafficking in the collecting duct cells. In this study, RT-PCR revealed the mRNA expression of arginine vasopressin V2 receptor and Akt isoforms, and immunoblotting demonstrated the protein expression of Akt and AS160 in mouse cortical collecting duct cells (both M-1 cells and mpkCCDc14 cells). Phosphorylation of both Akt (S473) and AS160 was induced by dDAVP and the PI3K inhibitor LY294002 decreased the dDAVP-stimulated phosphorylation of Akt (S473) and AS160. Moreover, Akt1 knockdown was associated with significantly decreased AS160 phosphorylation, indicating that AS160 is a downstream substrate for Akt. This is also compatible with previous data showing that AS160 contains multiple Akt phosphorylation sites (22, 49) .
We demonstrated that AS160 knockdown in mpkCCDc14 cells was associated with increased AQP2 expression of the plasma membrane, although transient gene silencing of mouse AS160 did not deplete AS160 completely and analysis of membrane expression was not based on the AQP2 density of the apical plasma membrane. Thus this could undermine the conclusions regarding the targeting mechanisms of AQP2 involved in the native kidney tissues in vivo. However, to the best of our knowledge, this is the first demonstration showing that altered expression of AS160 in the kidney collecting duct cells and hence potentially changes in its GAP activity could play a role in the accumulation of AQP2 at the plasma membrane. The data are consistent with previous studies demonstrating redistribution of GLUT4 to the cell surface in adipocytes with AS160 knockdown (13) . In insulin signaling, several previous studies revealed that AS160 functions as a A Fig. 8 . Semiquantitative immunocytochemistry of aquaporin-2 (AQP2). AQP2-labeled mpkCCDc14 cells were randomly selected (A), and pixel intensity per area (m 2 ) of whole cell [both plasma membrane (PM) and cytosol except nucleus, B] and PM fractions (C) was acquired, respectively. D and E: AQP2 labeling in mpkCCDc14 cells transfected with Con-siRNA (Con-siRNA) or AS160-siRNA (AS160-siRNA). G: ratio of pixel intensity per area (m 2 ) in the PM to that of the whole cell (i.e., the ratio of PM/Total) was calculated from randomly selected mpkCCDc14 cells and averaged in each group. N, nucleus; *P Ͻ 0.05 compared with Con-siRNA.
negative regulator of GLUT4 trafficking under basal conditions, with its GAP activity maintaining target Rab proteins in the inactive GDP-bound form (13, 49) . On the other hand, insulin stimulation inhibits the GAP activity of AS160 by phosphorylation and hence it enhances an accumulation of target Rab proteins with an active GTP-bound form (49) .
Compatible with this, we demonstrated that vasopressin-stimulated activation of Akt phosphorylates AS160 in the kidney collecting duct cells. This could inhibit GAP activity (22, 49) , presumably leading to an increase in the active GTP-bound form of the AS160 target Rab proteins for AQP2 trafficking to the plasma membrane (Fig. 10) . In addition to AS160, Noda et al. (43, 44) previously demonstrated the AQP2-binding proteins actin and SPA-1. Importantly, SPA-1 is a specific GAP for Rap1, and the GAP activity of SPA-1 was revealed to be important for the AQP2 trafficking to the apical plasma membrane, suggesting that a member of GAPs could play a role in AQP2 trafficking.
The Rab family of proteins are known to play an important role in intracellular vesicle trafficking. Rab2A, Rab8A, Rab8B, Rab10, and Rab14 are known to be AS160 target Rab proteins (35) . Among them, Rab10 is importantly involved in insulinstimulated translocation of GLUT4 in adipocytes (48) . In the IMCD cells of the rat kidney, proteomic analysis of AQP2-expressing vesicles previously revealed the expression of a number of Rab proteins, including Rab2, Rab10, and Rab14 (3, Fig. 9 . Semiquantitative immunoblotting of AQP2 and AS160 in mpkCCDc14 cells. A and B: cell surface biotinylation assays of AQP2 revealed significantly higher AQP2 expression in mpkCCDc14 cells with AS160 knockdown compared with control mpkCCDc14 cells transfected with nontargeting siRNA, despite the absence of dDAVP stimulation. C, D, and E: AS160 knockdown by siRNA significantly decreased AS160 expression, but total AQP2 expression was unchanged. *P Ͻ 0.05 compared with control group (nontargeting siRNAtransfected mpkCCDc14 cells). 35). Moreover, transcriptome analysis of rat kidney IMCD revealed a number of transcripts corresponding to Rab proteins including Rab2, Rab8A, Rab8B, Rab10, and Rab14 (54) . In addition, immunogold electron microscopy showed that Rab5, Rab7, and Rab11 are present in AQP2-immunoisolated vesicles (3), and immunoblot analysis also showed that Rab4, Rab 5, Rab 7, and Rab11 are present in the AQP2-bearing vesicles (3). Among them, Rab11, a marker of apical recycling endosomes, is known to be associated with the AQP2-storage compartment (37, 52, 53, 58) . Thus it is of interest to examine which Rab proteins are mainly involved in translocation of AQP2-expressing vesicles in the kidney collecting duct principal cells as the chief target proteins of AS160.
In addition to Akt, there are other signaling pathways which lead to phosphorylation of AS160, e.g., an increase in intracellular Ca 2ϩ concentration, an activation of AMP-activated protein kinase (AMPK) and Ca 2ϩ /calmodulin-dependent protein kinase kinase (CaMKK) (9, 24) . Consistent with this, vasopressin induces a spikelike increase in intracellular Ca 2ϩ (46, 61) , and pretreatment with BAPTA (Ca 2ϩ chelator) and W-7 (calmodulin inhibitor) induces a significant decrease in Akt phosphorylation in response to dDAVP treatment in IMCD suspensions (46) . The role of these pathways related to AS160 phosphorylation in the translocation of AQP2-expressing vesicles needs to be examined in further studies.
Last, recent studies demonstrated that ubiquitination plays a role in the endocytosis of AQP2 (21), and phosphorylation in the C terminus of AQP2 also plays a role in both exocytosis and endocytosis of AQP2 (36) . Thus we could speculate that increased membrane accumulation of AQP2 in the cells with AS160 knockdown might also be due to decreased endocytosis, in addition to increased trafficking. Whether the PI3K/Akt/ AS160 pathway is involved in the ubiquitination/phosphorylation of proteins for the endocytosis of AQP2 will require further study. 
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